Математические модели и алгоритмы анализа процессов ионизации атома гелия и молекул водорода с вариационными функциями by Чулуунбаатар, О.
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Djϕj , ϕj = [exp(−αjr1 − βjr2) + exp(−αjr2 − βjr1)] exp(−γjr12), !D"
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(C2 − C1) + C1, 0  C1 < C2.
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|fi|2 → min, !["






















f7 = ν1 + 2, f8 = ν12 − 0.5 & f7 = μ1 + 2, f8 = μ12 − 0.5. !<<"
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dr1dr2Ψ−∗3C(p1,p2; r1, r2) (exp(ıKr1) + exp(ıKr2)− 2)Ψ(r1, r2, r12),
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exp(ıkr − λr)ψ−∗(pτ , r) = 4πN(ξτ ) [(λ− ıpτ )
2 + k2]ıξτ
[(k− pτ )2 + λ2]1+ıξτ , !<F"
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I(γj ;p12,p + p12)
×[I(αj ;p1,K− p)I(βj ;p2,p) + I(αj ;p1,−p)I(βj ;p2,K + p) !<="
+I(βj ;p1,K− p)I(αj ;p2,p) + I(βj ;p1,−p)I(αj ;p2,K + p)
−2I(αj;p1,−p)I(βj ;p2,p)− 2I(βj;p1,−p)I(αj ;p2,p)].
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ψ(k, rl), l = 1, 2. !<["


















 βl u \77$ 6&.# β1 + β2 = 2# n = 3 − l  +( ++&2#













j2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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ψ(k, rl) = Q(αl,k, rl) ≡ 1F1(ıαl, 1,−ı(krl + krl)), !DD"
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〈Ψ(k, r)|Ψ(k′, r)〉 =
∫
drΨ∗(k, r)Ψ(k′, r) = δ(k− k′). !DB"
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∇lQ(αl,k, rl) = αl(krˆl + k) exp(παl/2)
ı(krl + krl)





q(k, rl) = 1− exp(−ı(kerl + krl)) f¯(k, rl)
f(k, rl)
, f(k, rl) =
exp(−ıαl ln(krl + krl))
Γ(1− ıαl) .
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∇rnψ(k, rn) =
αn(krˆn + k) exp(παn/2)
ı(krn + krn)
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ψ(k, rl) = 0, !D="
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ψ(k, rl) = Q(αl, εl,k, rl) ≡ 1F1(ıαl, 1− ıεl,−ı(krl + krl)), !DC"







N(αl, εl)Q(αl, εl,k, rl), !D["
 &. &] 2 !DB"  2/2 218
&2




) Γ(1− ıαl − ıεl)
Γ(1− ıεl) . !@>"
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Q(α1, ε1,k, rl)Q(α2, ε2,k, r3−l). !@<"
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krec + ks = ki − ke, Ei = Es + Ee + I, !@D"
 (Ei,ki)# (Es,ks)  (Ee,ke) u  / \  2+&(
+]-# .  +- \&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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ρ = 2    krec u +&. ? 2+&( / 
 ?-2 &/#   \&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 Ωs = {θs, ϕs}# Ωe = {θe, ϕe} u  7/ & . 
+- \&# Ωρ = {θρ, ϕρ} u 7/ & 21o.  ρ 
?. ?22 21 +]-2  +-2 \&2# 2/
\&2 +0 Tfi 2 A
Tfi = − 2
K2
∫
dr exp(ıKr)χ∗(ke; r1, r2)ϕ1σg (r1, r2), !@B"
 K = ki − ks u + 2+&( 29 8 r1  r2 +8
- \& &( $ Z1  Z2 +&.]. + 72&2
r1 = r + ρ/2  r2 = r− ρ/2 &. 7$. ϕ1σg (r1, r2) +]-. /&(8
 \& 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 1σg 2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 +2 ?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 $ +
2 +22 m<@nA
ϕ1σg (r1, r2) = N(ρ)(exp(−ar1 − br2) + exp(−br1 − ar2)), !@E"
 a = 0.224 086  b = 1.136 03 u $ +2#  +&.].
6 &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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 . ρ = 2   # N(ρ) = 0.621 7 u 8
]-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N(α1, ε1)N(α2, ε2)(I(a, b) + I(b, a)),
I(a, b) = J(a, b, α1, ε1, α2, ε2) + J(a, b, α2, ε2, α1, ε1), !@F"
J(a, b, α1, ε1, α2, ε2) =
∫
dr exp(ı(K− ke)r− ar1 − br2)
×1F1(−ıα1, 1 + ıε1, ı(ker1 + ker1))1F1(−ıα2, 1 + ıε2, ı(ker2 + ker2)).
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dτ exp(ıτρ)W(α1,ε1)(ke, τ , a)
×W(α2,ε2)(ke,−K− τ + ke, b). !@="
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K# θs = 9◦  ϕρ = 0◦# θρ = 0◦  +& & +6 6$ 21 =~h
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/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2  m<En 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Z1 = Z2 Z3 = Z4 σ
(7)
"# $%&& Δσ(7)
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&(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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W(α,β)(k,q, λ) =
∫







λαx(ıβ + x + ıαx− 1)





2F1(1− ıα, 2; 2 + ıβ, x)
)
, !@C"
 x = 2(qk + ıλk)/(q2 + λ2) 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 . \& θs = 3◦
! D !""  θs = 9◦ ! D !?"" + $. 21o.  ϕρ = 0◦#
θρ = 0◦  ?0 &/.0  7$ \77# 6]- 68
6 2  29 +2 21&2 exp(−ı(K − ke)ρ/2)#
 +&/  +2-(] 0$ & 7$# /& 
.0 7&(0 0 m<En 	&/9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&(0 +2 εl# / 6  D !"# !"#  ?&
100◦ < θe < 240◦ !? 6  D !""  &. 0.]. 
?& 0 < θe < 100◦ !?   D !?""#   /(  &. 8
+$# +&( 2 77$&( / .&.. 8
&( 2&(2  \ ?&  21 ?o.( + ++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 &
7$ !D[" !2 72& !DE"" 
LL  7 7: AE; 2F1(a, 2; c, z)
 /& & !@=" ?. 2 /& +8
2/0 7$ 2F1(a, 2; c, z) + c = 2  c = 1 ?/ &. \ $8
& +&(6. &( +&  2+& +& z  \2
&/ ?]. 6/&( /&&(  2  \8
2 +&1 ?& \77 &2# +&(6]- 72& &0
+?6  2+& +& z# +6&.]- +&(6( ?
0.-. .  6&/0 ?&.0# 2 22 1. 2 6 
F>  ! 
Y /  |z|  1/2 &. 2F1(a, 2; c, z)# +&(62 / . 







(n + 1)zn, !@["




&. /&. 2F1(a, 2; c, z) + |z| > 1/2 +&(62 72& &8
 +?6. m@>n








)c−a−1 (1− 1+a−ca−1 11−z)
+ (c−1)(c−2)(a−1)(a−2) (−z)−22F1
(



















+ (c−1)(c−2)(a−1)(a−2) (1− z)−22F1
(















a, 1 + a− c; 3 + a− c, 1− 1z
)
, |1− 1z |  12 ,
(1− z)−22F1
(
c− a, 2; c, zz−1
)
,
∣∣∣ zz−1 ∣∣∣  12 .
!B>"
+2/ 7$  !B>" /&.]. + 72& !@[" H +8
?6. ] 621( /&.( +2/] 7$] 2F1
(a, 2; c, z)  ?& I  II#  1 + 0 -0 6/.0 z# +8
60   @ !" 
Y 6 22   <sD  $2  /0 (Rezj, Imzj)# j =
1, . . . , 21 + Imz = 0  z ∈ I⋃IIA
z1 = 1/2 + 2ı, z2 = 3/2ı, z3 = 1 + 3/2ı, z4 = −1/2 + ı, z5 = 1/2 + ı,
z6 = 3/2 + ı, z7 = −1 + 1/2ı, z8 = 1/2ı, z9 = 1 + 1/2ı, z10 = 2 + 1/2ı, !B<"
z21−i = z∗i , i = 1, . . . , 10, z21 = 1/2.
)1 +6(# / \  +&(] +] ?& I  II !2 @  
!?"" 2 # +&.. & max1i20(|1 − zj |, |zj |) > 1   &.
1 6/. z ∈ I⋃II 02 +2&(] / zoA zo ∈ {z1, . . . , z21}#
+&.2] 6 &. min1i21 |z − zi|  1/2 & zo = z21#  \ /
622   6 / ? {z8, z9, z12, z13, z22, z23}# +&.2] 6 &.
1/2 < min(|z − z8|, |z − z9|, |z − z12|, |z − z13|, |z − z22|, |z − z23|) 
√
5/4 ≈ 0.56# 






"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$& ε = 2 · 10−16 $
 '#  nmax < 40 
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n! , |1− zo|  1,
Γ(c)Γ(2+a−c)












n! , |zo|  1.
!BD"
6  +2/0 7$ /&.]. + 72&2
1
n!





Γ(a + n)(1 + n)
Γ(c + n)
(1− z)c−a−2−n
×2F1(c− a, c− 2; c + n, z), !B@"
1
n!




Γ(a + n)(1 + n)
Γ(c + n)
zc−a−2−n
×2F1(c− a, c− 2; c + n, 1− z).
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/0 zj# j = 1, . . . , 20, 22, 23 
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m<n vOPUVbRVJ e VJW ~VU VTTLUUO  ^XLONLKRGVU SKPWa Od KXL OTKRZVU GOJWRKROJS dON
KXL ZLVSPNLZLJK Od KXL WRfLNLJKRVU GNOSS SLGKROJ Od KXL WOPQUL ROJRVKROJ Od KXL
XLURPZ Qa dVSK LULGKNOJS {XaS L_ x# _ B=# <[[@# TT @=CCu@=[E 
mDn }VXZVZ8eLJJVJR x LK VU yNRMRJ Od WRTS VJW TLVbS RJ KXL VQSOUPKL dPUUa NLSOU_LW
GNOSS SLGKROJS dON KXL LULGKNOJ8RZTVGK WOPQUL ROJRVKROJ Od L {XaS L_ x# _ 
E[# <[[[# TT @EBCu@EEE 
	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m@n gVKVJVQL  LK VU (e, 2e) VJW (e, 3 − 1e) SKPWRLS OJ WOPQUL TNOGLSSLS Od L VK
UVNML ZOZLJKPZ KNVJSdLN {XaS L_ x# _ =D# D>>E# TT >@D=>Eu<u<< 
mBn VKO ^ yJ KXL LRMLJdPJGKROJS Od ZVJa8TVNKRGUL SaSKLZS RJ `PVJKPZ ZLGXVJRGS 
OZZPJ {PNL xTTU wVKX # _ <># <[E=# TT <E<u<== 
mEn vOJLS h VJW wVWRSOJ ~  OUL Od KXL MNOPJW SKVKL RJ LULGKNOJ8VKOZ WOPQUL
ROJRVKROJ {XaS L_ }LKK # _ [<# D>>@# TT >=@D><u<uB 
mFn eLNVbWVN v OZZLJK OJ OUL Od KXL MNOPJW SKVKL RJ LULGKNOJ8VKOZ WOPQUL
ROJRVKROJ {XaS L_ }LKK # _ [D# D>>B# TT <B[@><u<u< 
m=n xJGVNVJR }  LK VU OUL Od KXL XLURPZ MNOPJW SKVKL RJ (e, 3e) TNOGLSSLS {XaS 
L_ x# _ =># D>>B# TT ><D=<<u<u<> 
mCn vOJLS h LK VU ^XNLL8OPUOZQ8cV_L {UP_RJVML ZOWLU dON OZTKOJ WOPQUL
ROJRVKROJ Od XLURPZ RJ KXL NLMROJ Od KXL GNOSS8SLGKROJ ZVYRZPZ {XaS L_ x# _ 
=D# D>>E# TT ><D=<Cu<u@ 
m[n eNVPJLN w LK VU N^RTUa8WRfLNLJKRVU GNOSS SLGKROJS dON ROJRSVKROJ Od XaWNOMLJ VKOZS
Qa LULGKNOJ VJW TOSRKNOJS v {XaS e# _ DD# <[C[# TT DDFEuDDC= 
m<>n {UP_RJVML { OJGKROJ WOJWL VTTNOGXLL V PJ TVNVZLKNL TOPN ULKVK dOJWVZLJKVU
WLS VKOZLS V WLPY LULGKNOJS xJJ {XaS !{VNRS"# _ E# <[E># TT <BEu<ED 
m<<n {UP_RJVML { OP_LUUL dVZRUUL WL SOUPKROJS VTTNOGXLLS TOPN GLNKVRJLS L`PVKROJS WL
hGXNOWRJMLN JOJ SLTVNVQULS xTTURGVKROJ V ULKVK dOJWVZLJKVU WL UXLURPZ v {XaS 
VWRPZ# _ <D# <[E<# TT =C[u=[D 
m<Dn XLRdLKS x LK VU x GOZTVNVKR_L LYTLNRZLJKVU VJW KXLONLKRGVU RJ_LSKRMVKROJ Od KXL
LULGKNOJ8RZTVGK WOPQUL ROJRVKROJ Od L RJ KXL bLz NLMRZL v {XaS e# _ @D# <[[[#
TT E>B=uE>FE 
m<@n vOPUVbRVJ e LK VU ~RSSOGRVKR_L ROJRVKROJ Od 
+
2 Qa dVSK8LULGKNOJ RZTVGKA SL Od V
KcO8GLJKLN GOJKRJPPZ cV_L dPJGKROJ {XaS L_ x# _ EB# <[[F# TT <B=@u<B=[ 
m<Bn hLNO_ z z LK VU gV_L8TVGbLK L_OUPKROJ VTTNOVGX KO ROJRVKROJ Od KXL XaWNOMLJ
ZOULGPUVN ROJ Qa dVSK LULGKNOJS {XaS L_ x# _ F@# D>><# TT >FD=<<u<uC 
m<En hLNO_ z z LK VU (e, 2e) ROJRVKROJ Od +2 Qa dVSK LULGKNOJ RZTVGKA xTTURGVKROJ Od
KXL LYVGK JOJNLUVKR_RSKRG KcO8GLJKLN GOJKRJPPZ cV_L {XaS L_ x# _ FE# D>>D#
TT >FD=>Cu<u= 
m<Fn NOUO_ x w ^cO8SKVML SKNVKLMa dON XRMX8TNLGRSROJ _VNRVKROJVU GVUGPUVKROJS {XaS 
L_ x# _ E=# <[[C# TT DB@FuDB@[ 
m<=n ONOQO_ z I OPUOZQ KXNLL8QOWa QOPJW8SKVKL TNOQULZA zVNRVKROJVU GVUGPUVKROJS
Od JOJNLUVKR_RSKRG LJLNMRLS {XaS L_ x# _ F<# D>>># TT >FBE>@u<u@ 
m<Cn }L hLGX  xGGPNVKL VJVUaKRG cV_LdPJGKROJS dON KcO8LULGKNOJ VKOZS v {XaS e#
_ @># <[[=# TT }B=u}E> 
m<[n {OTO_ P z VJW xJGVNVJR }  RMONOPS ZVKXLZVKRGVU SKPWa Od KXL L QOPJW
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